ABSTRACT To guarantee high-performance tracking control of cable-driven manipulators under complex lumped uncertainties, we propose a novel practical adaptive integral terminal sliding mode (AITSM) control scheme in this paper. The proposed control scheme utilizes time-delay estimation (TDE) to estimate and compensate the system dynamics and therefore ensures an attractive model-free control structure. Meanwhile, a novel adaptive algorithm is designed to timely and appropriately update the gains for the AITSM manifold and combined adaptive reaching law (ARL). High control accuracy, fast dynamical response, and strong robustness can be effectively ensured, thanks to the proposed AITSM manifold and combined ARL. The stability of the closed-loop control system is analyzed using the Lyapunov stability theory. Comparative experiments were conducted, and the corresponding results show that the newly proposed TDEbased AITSM control scheme can provide a better and comprehensive control performance than the existing AITSM control method.
I. INTRODUCTION
For the past few decades, robot manipulators have been broadly utilized in lots of practical applications. Thanks to the high stiffness and simple structure, they can easily conduct complex automatic tasks with high precision and fast dynamical response [1] - [6] . But it is usually not safe for human to work around them with physical interactions due to their large moving inertial and high stiffness. To effectively settle above issues and ensure safe interactions with human, scholars and engineers developed the cable-driven manipulators [7] , [8] . The main idea of cable-driven manipulators is to move the drive units from the joints to base and realize force/motion transmission through cable. Benefitting from above arrangement, the cable-driven manipulators can provide smaller moving inertial, better flexibility and safety for physical interactions with human [9] - [12] . However, the utilization of cable-driven technique will also lead to extra difficulties for accurate control of cable-driven manipulators, such as low stiffness, complex dynamics and external disturbance [13] , [14] .
As one of the most important discoveries in the modern control theory, sliding mode (SM) control can effectively handle aforesaid difficulties [15] - [21] . SM control has a simple structure and can provide strong robustness for complex applications, such as robot manipulators [22] , [23] , underwater robots [24] - [26] , legged walking robots [27] , cable-driven systems [28] , [29] . SM control has been greatly improved since it was proposed and good control performance can be effectively ensured [17] - [29] . In the meantime, it has also been widely proved that finite-time convergence may lead to high-precision performance and fast dynamical response [30] - [32] . Thus, several improved SM schemes, such as terminal SM (TSM), fast TSM (FTSM), nonsingular TSM (NTSM) and FTSM (NFTSM) have been proposed and studied [30] - [37] . By introducing a nonlinear term into the linear SM manifold, the TSM and FTSM manifolds can provide finite time convergence. Thus, better comprehensive performance will be obtained with the TSM and FTSM control. However, TSM and FTSM have singularity issue which may obviously degrade the control performance. Therefore, the NTSM and NFTSM control schemes have been proposed [25] - [27] . Although above control methods have achieved good results, it is still not easy to use them under complicated practical situations considering the utilization of dynamic model or complex approximation schemes.
To effectively solve above issues, the time-delay estimation (TDE) technique was proposed and applied [38] - [40] . By using the time-delayed states of the system to estimate its own current lumped dynamics, TDE technique can bring a fascinating model-free control scheme [41] - [44] . Hence, TDE technique has been widely applied for lots of systems since it was proposed, such as underwater robots [41] - [43] , robot manipulators [44] - [48] , humanoid robots [49] , and lower limb exoskeleton [50] , [51] . The utilization of TDE will lead to inevitable estimation errors especially when systems contain fast-varying dynamics. Therefore, the TDE technique is usually used as framework to enjoy its modelfree advantage; meanwhile, other robust control schemes are cooperated to further enhance the control performance under complex practical applications. The obtained control schemes can naturally enjoy advantages from both TDE technique and adopted robust control schemes.
Recently, a novel adaptive integral TSM (AITSM) control was proposed for the control of upper limb exoskeletons [52] . The proposed control scheme contains two parts, i.e. the dynamic model part and the AITSM control part. The former is used to compensate the known system dynamics, while the latter is applied to ensure high performance control under complicated situations. The proposed control scheme requires no boundary information of the lumped uncertainties thanks to the features of adaptive law [53] - [55] . In the meantime, the control performance has also been effectively enhanced benefitting from the advantages of ITSM scheme [56] - [60] . Although the control scheme from [52] has obtained some exciting theoretical and experimental results, it still has three aspects to improve: 1) the proposed control scheme requires system dynamic model, which can be very difficult to obtain for complex systems, such as cabledriven manipulators; 2) the proposed adaptive algorithm ismonotonically increasing, which may lead to inappropriately large gain for the robust term and then cause serious chatters and even substantial damage to the system hardware.
3) the designed ITSM manifold still uses constant gain and may result in control performance degradation when large uncertainties appear.
In this work, the aforesaid issues have been effectively addressed based on the existing ITSM control [52] , [56] - [60] . A novel TDE-based AITSM control is proposed and studied. The proposed control scheme mainly contains three parts, i.e. TDE part, AITSM manifold part and combined adaptive reaching law (ARL) part. The TDE is applied to estimate the lumped system dynamics and ensures a model-free control scheme. In the meantime, the AITSM manifold and combined ARL are used to enhance the control performance using a properly designed adaptive algorithm. The proposed control scheme requires no dynamic model and therefore can be easily utilized for complex practical applications thanks to TDE. Meanwhile, high-precision control and fast dynamical response can also be guaranteed benefitting from the proposed AITSM control scheme. The stability of control system is proved using Lyapunov theory. Finally, comparative experiments have been performed to demonstrate the effectiveness and advantages of our newly proposed control scheme over the existing one.
The contributions of this work are: 1) to propose a novel AITSM manifold, which uses an adaptive algorithm to properly generate the gain based on the control errors; 2) to propose a novel TDE-based control using above AITSM manifold and a combined ARL; and 3) to prove the stability of the control system considering the designed adaptive dynamics. The remainder is organized as follows. Section II presents the problem description briefly, and then Section III gives the proposed control scheme design and some discussions.
Comparative experimental results are presented and analyzed in Section IV. Finally, Section V concludes this paper.
II. PROBLEM DESCRIPTION
The cable-driven manipulators can be described using the following equations [9] , [10] 
where I and d m stand for the inertia and damping matrices of the motors, φ and q are the position vectors of the motors and joints. τ s and τ represent the torques generated by the joint compliance and motors. m(q) stands for the inertia matrix, while c (q,q) is the Coriolis/centrifugal matrix, g(q) represents the gravitational vector, f (q,q) stands for the friction vector. τ d is the lumped disturbance, k p and k d stand for the stiffness and damping matrices of the joints. Substituting (2) into (1) and bringing in a constant parameterm, we have the following integrated dynamics
where w stands for the remaining dynamics and is given as
Note that w is extremely complicated and can be very difficult to achieve with conventional methods. Therefore, the motivation of this paper can be described as follows: for a given reference trajectory q d , design a proper and effective control τ such that the cable-driven manipulators can accurately track q d . Additionally, the control τ should also be simple and easy to use in complex practical applications.
III. PROPOSED AITSM CONTROL SCHEME USING TDE
In this section, we propose a novel AITSM control scheme using TDE technique. The newly proposed control scheme contains three main parts, i.e. the TDE, AITSM manifold and combined ARL. The TDE scheme is applied to obtain the estimation of system dynamics in a simple way, meanwhile the AITSM manifold and combined ARL are utilized to ensure satisfactory control performance with an adaptive algorithm.
A. PROPOSED AITSM CONTROL
Define the control error as e = q d − q. Then, to guarantee high control accuracy and fast dynamical response, we propose the following AITSM manifold as
where α and β are diagonal matrices with positive elements, 0 < γ 1 < 1 and γ 2 = γ 1 /(2−γ 1 ),k is a positive adaptive gain which will be given later. For concision, the following notations sig (ė)
are utilized here and sgn(x) is given mathematically as
Usually, the gain k for ITSM manifold is a pre-selected constant [52] . However, it can be very difficult or laborious to obtain a proper gain under complex lumped uncertainties. If the gain k is selected inappropriately small, the control performance will degrade when large uncertainties appear. Contrarily, if the gain k is tuned inappropriately large, the noise effect may be aroused under large uncertainties. Thus, we try to enhance the control performance with an adaptive gaink. When the control performance tends to degrade, the gain k will increase accordingly to provide extra robustness and guarantee good control performance under lumped uncertainties. When the control performance is good, the gaink will decrease to suppress the potential noise effect and ensure good dynamical performance. Afterwards, the following combined ARL is applied to provide satisfactory comprehensive control performance aṡ
where ρ 1 , ρ 2 are positive constant gains, whileρ 3 is an adaptive gain to be designed and λ is positive gain satisfying 0 < λ < 1.
As shown in (8), the utilized ARL has two parts. The first part is the fast-TSM-type (FTSM) RL [32] , the other part is the elementρ 3 sgn (s). The former is utilized to ensure high control accuracy and fast dynamical response, while the latter is used to provide extra strong robustness against timevarying lumped disturbance with adaptive gain.
To further enhance the control performance, we use the following adaptive algorithm for the proposed AITSM manifold and combined ARL [47] 
where µ 1i , µ 2i , i , k 1i , k 2i , k 3i , k 4i are positive parameters and µ 2i > µ 1i , while θ i_max is a constant parameter to describe the maximum value of θ i , and θ i_mid = θ i_max /2. It is obvious that the adaptive gain θ i is bounded within
Taking the adaptive algorithm (9) to analyze, we can see that when the control accuracy is relative low, i.e. |s i | > , the adaptive gain θ i will increase to enhance the control performance. On the other hand, if the control accuracy is good, i.e. |s i | ≤ , the θ i will decrease rapidly to ease the noise effect and obtain relative smooth performance. In the mean-time, there are two designed speeds as given in (9), which can be written as µ 1i |s i | and µ 2i |s i |. The speed µ 1i |s i | is used for all situations except that the control accuracy is good and the adaptive gain θ i needs to be reduced. Under this situation, the sliding variable |s i | is actually quite small, and the speed µ 1i |s i | will be improperly small and may lead to inappropriately large gain θ i . Thus, the speed µ 2i |s i | is utilize to rapidly reduce the gain θ i considering µ 2i > µ 1i and then ensure smooth control performance.
Using the proposed AITSM manifold (6), combined ARL (8) and the adaptive law (9)(10), we design the following AITSM control scheme as τ =mu +ŵ
whereŵ stands for the estimation of the remaining system dynamics. It is obvious that if we can obtainŵ accurately and properly, the control problem will be easily solved with above AITSM control scheme. However, as we explain aforesaid, the remaining dynamics w is very complex and can be difficult or laborious to obtain.
B. TIME-DELAY ESTIMATION TECHNIQUE
To solve above issue, we apply the TDE technique in this subsection. The TDE scheme is a fascinating estimation algorithm, which can obtain the system dynamics in a simple but effect way. More importantly, TDE scheme is model-free and requires no system dynamic information. Mathematically, the TDE scheme can be written in the following equation aŝ
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As indicated in (13), the main idea of TDE scheme is to use the time-delayed value of the system dynamics to estimate its own current value. For most practical systems, such as robotic manipulators, above equation can be very effective using efficiently small delayed time η. Taking the dynamics of cable-driven manipulators into consideration, we can see that the TDE technique has also effectively handled the flexibility described by (3) together with other unknown lumped dynamics. This is a very attractive feature since the flexibility is usually quite hard to obtain using traditional methods.
Afterwards, combining (13) with (4), we havê
Finally, we can see from (14) that all the signals required by TDE scheme are the time-delayed control torque and acceleration signals. The τ (t − η) is obtained with the time-delayed of τ , whileq (t − η) is obtained using numerical differ-
In the meantime, the numerical differentiation will inevitably enlarge the noise effect and may also obviously degrade the control performance. Fortunately, above issue can be effectively settled by reducing the control gainm or using extra low-pass filters [40] - [47] .
Finally, using the TDE technique (14) and our designed AITSM control scheme (11)(12), we propose the following TDE-based AITSM control as
where ψ e,k is given in (12) . Due to the utilization of TDE technique, our proposed control scheme requires no system dynamics and is obviously model-free. This feature will be very useful for practical applications since the accurate dynamic model can be very difficult and time-consuming to obtain. In the meantime, high control performance can also be effectively ensured with the proposed AITSM control scheme. The proposed control scheme is shown in Fig. 1 and corresponding stability analysis is given in the appendix.
C. COMPARISONS WITH EXISTING CONTROL
Our proposed TDE-based AITSM control scheme is mainly inspired by the one given in [52] as
with the ITSM manifold designed as
where α, β, γ 1 and γ 2 are the same control gains with our proposed control scheme, while ϕ and f stand for the system dynamic information, and λ and µ are positive gains. For more detailed information concerning above control, please refer to [52] . It should be noted that the fractional power γ 1 and γ 2 may lead toė γ 1 / ∈ R, e γ 2 / ∈ R when e i < 0 anḋ e i < 0. Thus, we have used sig (x) y in our proposed control scheme to avoid this issue. Additionally, sig (x) y is also used for (16)- (18) in the forthcoming experimental studies.
It can be observed clearly from (16) that the existing control requires system dynamics; meanwhile our newly proposed one is model-free. Thus, our control scheme will be more suitable for practical applications than the existing one since it is usually quite difficult to obtain the exact dynamic model. More importantly, our proposed control has obvious advantages in the following two aspects.
1) Adaptive law: taking the adaptive law (17) to analyze, we can see that the adaptive speed is non-negative, which means the control gain can only increase and will not decrease under all situations. This may lead to improper large control gain under long-time process, and then serious chattering will occur. For comparisons, our newly proposed adaptive algorithm can properly adjust the control gain timely and accurately. As explained aforesaid, our adaptive law will increase the gain when the control accuracy is not satisfactory and decrease it rapidly when the control performance is relative good. Thanks to this adaptive mechanism, the control performance is further enhanced and potential chattering issue can also be successfully suppressed.
2) AITSM control scheme: comparing the sliding mode manifolds (6) and (18), we can easily see that the existing one (18) uses constant gains. In the meantime, our newly proposed one (6) brings in an adaptive gain to further enhance the control performance. Thanks to the application of adaptive gain, the AITSM manifold can still provide good comprehensive performance under complex lumped disturbance. For the reaching law part, the existing control uses ψ TÂ s s with a monotonically increasing gainÂ. To effectively handle all the uncertainties, the gainÂ will be relative large and may lead to serious chatters considering its monotonically increasing feature. For comparisons, our reaching law combines the FTSM reaching law with the adaptive partρ 3 sgn (s). The FTSM reaching law is used as a basic framework to handle the relative slow time-varying uncertainties, while thê ρ 3 sgn (s) is applied to handle the fast time-varying uncertainties. Benefiting from the adoption of FTSM reaching law part, the adaptive gainρ 3 is reduced and the potential chatters will be effectively eased. Then, better comprehensive control performance can be ensured with our newly proposed control scheme. Above claims will be verified through comparative experiments in the following section.
Remark 1: It may be unfair to compare our proposed control with the one from [52] in the aspect of whether they require system dynamics or not. Due to the utilization of TDE technique, our proposed control is model-free and easy to use in practical applications. Therefore, to highlight our contributions in AITSM scheme and guarantee fair comparisons, we have also applied the TDE technique to the control from [52] in the following experimental studies.
D. CONTROL GAINS TUNING PROCEDURES
To effectively apply our proposed control scheme, the control gains should be suitably tuned. The delayed time η can be easily determined by selected as one or several sampling periods. Then, the following tuning procedures will be briefly given based on the ones reported in [47] .
tune γ 1 by reducing itself from 1 and calculate γ 2 with γ 2 = γ 1 /(2 − γ 1 ), while checking the control performance; tunem by increasing itself from small value to large one until the control performance tend to degrade; 2) Maintain µ 1 = µ 2 = ρ 1 = ρ 2 = θ = k 3 = 0, α = β = 1 n , tune k 1 by increasing itself from small value while checking the control performance; then, α, β, k 3 , ρ 1 , ρ 2 can be tuned using the same procedure; 3) Maintain µ 1 = µ 2 = 0, k 2 = k 4 = 1 n and set θ = θ max , then tune θ max by increasing itself from 0 while checking the control performance; 4) Maintain µ 1 = µ 2 = k 2 = k 4 = 1 n , tune according to the amplitude of sliding variable s; then, tune µ 1 and µ 2 by increasing themselves from small values while checking the control performance; afterwards, k 2 and k 4 can be regulated using the same way; 5) Repeat 1)-4) or partial of them when the control performance does not reach the desired level. Remark 2: It should be noted that the order of above procedures can be properly regulated according to the practical performance of the control system.
IV. EXPERIMENTS
To demonstrate the effectiveness and superiorities of our newly proposed TDE-based AITSM control scheme over the existing method, two comparative experiments were conducted using a newly developed cable-driven manipulator named ''Polaris-I''.
A. SYSTEM DESCRIPTION
The overall control system for Polaris-I is presented in Fig. 2 . We can observe from Two comparative experiments were conducted with our newly proposed TDE-based AITSM control scheme and the one from [52] . For simplicity, the one from [52] will be referred as Controller 2 in what follows. Note that the AITSM control reported in [52] is a model-based one, while the dynamic model for Polaris-I has not been accurately obtained yet. Therefore, we also applied TDE technique to Controller 2 for fairness. Afterwards, it can be easily achieved by setk to a constant k, and replace the ARL with (17) . In experiment one, both control schemes are utilized to track a sinusoidal reference trajectory with a non-zero initial position. Three different periods are used for the sinusoidal reference trajectory to efficiently demonstrate the performance of both control schemes. Afterwards, 0.5kg load was added into the end effector of Polaris-I to demonstrate the robustness of our newly proposed control scheme under unknown uncertainties.
Then, the control parameters for our newly proposed control scheme were selected as α = diag(2,2), β = diag(1,2), diag(2.5, 3),
2), η = 2 ms, and the initial value of θ is set to zero. In practical applications, the term sgn(s) for our control scheme and (16) may result in serious chattering problem. Thus, we used a saturation function to settle this issue with a boundary as 0.01 × (6, 6). The parameters for Controller 2 were selected exactly the same with ours, except that µ = diag(0.02, 0.1), = 0.01 × diag(3.5,4) and the initial of θ is set to θ = diag(4, 3).
B. EXPERIMENTAL RESULTS

1) SCENARIO ONE
In this scenario, Polaris-I will be controlled to track a sinusoidal reference trajectory with three different periods. This experiment will efficiently show the control performance comparisons of our proposed control and Controller 2. Additionally, we calculated the root-mean-squared error (RMSE) and Maximum error (MAXE) using the experimental data from the second period. The RMSE and MAXE are used to analyze the steady control performance quantitatively under three different periods. Finally, the experimental results for scenario one are given in Fig. 3-15 , Table 1 and 2. As shown in Fig. 3-15 , both control schemes can provide good tracking control performance of the desired trajectory under three different periods. This result clearly verifies the effectiveness of TDE technique (14) , ITSM manifold (18), AITSM manifold (6), combined ARL (8) and the adaptive law (17) . High control accuracy and fast dynamical response have been clearly observed with these experimental results. Still, our newly proposed control scheme can ensure better comprehensive control performance than Controller 2 as shown in Fig. 4-5, Fig. 8-9 , and Fig. 12-13 . This result strongly verifies the superiorities of our newly proposed control over the existing Controller 2. Additionally, we will take Fig. 7, Fig. 11 and Fig. 15 to analyze. It can be observed clearly that our proposed adaptive algorithm will increase (decrease) θ rapidly when the control performance is unsatisfactory (satisfactory). In the meantime, the control parameter θ will remain small in most of the time. Above adaptive mechanism can effectively improve the control accuracy, while still suppress the noise effect and potential chattering issue stimulatingly. On the other hand, the adaptive algorithm proposed in [52] is monotonically increasing and may lead to improper large control gains as shown in Fig. 7, Fig. 11 and Fig. 15 . The gaink increases when the control performance is unsatisfactory and will remain the current value when the control performance turns satisfactory. Afterwards, the gain k will increase again when the control performance tend to degrade. It is obvious that the gaink may become extremely large after long time control. On the contrary, our proposed adaptive algorithm can adjust the gaink timely and accurately based on the current control performance. Additionally, the utilization of FTSM reaching law in our combined ARL also reduces the gaink greatly for our proposed control scheme as shown in Fig. 7, Fig. 11 and Fig. 15 . This will further suppress the noise effect and potential chattering problem.
To quantitatively compare the control performance, we take the RMSE and MAXE from Table I and II to analyze. Specifically, we will analyze the results from T = 40s and other two cases can be analyzed using the same procedures. It is obvious that our proposed control scheme can provide higher control accuracy than Controller 2 under all three periods, which effectively verifies the superiorities of our newly proposed AITSM manifold (6) over the existing ITSM manifold (18) from [52] and the advantages of our newly proposed adaptive law (9) over the existing one (17) from [52] .
2) SCENARIO TWO
To demonstrate the robustness of our newly proposed control scheme under uncertainties, we added 0.5kg load into the end effector of Polaris-I. It should be noted that the mass of last two links are 2.5kg and 1.2kg, respectively. Then, the same reference trajectory with T = 40s was sent to Polaris-I. Furthermore, the RMSE and MAXE are also calculated using the experimental data from the second period. Corresponding results are given in Fig. 16-19 and Table 3 .
As indicated in Fig. 16-19 , our newly proposed control scheme can still guarantee satisfactory control performance under 0.5kg load. High control accuracy and fast dynamical response have been clearly observed under this situation. Meanwhile, the control performance indeed degrades a little as shown in Fig. 17 increases have been observed for joint 1 and 2, respectively. For MAXE, 12.6% and 0% increases have been obtained for joint 1 and 2, respectively. By taking the mass of last two links into consideration, we can see that strong robust-ness has been successfully guaranteed by our newly proposed control scheme.
Overall, both control schemes can provide good tracking control of the cable-driven manipulator Polaris-I. Still, better comprehensive control performance has been experimentally observed with our newly proposed control scheme compared with the existing one.
V. CONCLUSIONS
A novel TDE-based AITSM control scheme is proposed for the tracking control of cable-driven manipulators under complex lumped uncertainties in this paper. The proposed control scheme requires no system dynamics and is model-free, therefore it is suitable for complicated practical applications. Meanwhile, thanks to the utilization of the pro-posed AITSM manifold and combined ARL, the proposed control scheme can provide high control precision, fast dynamical response and strong robustness. The stability of the closed-loop control system is proved using Lyapunov stability theory. Comparative experimental results show that our newly proposed control scheme can ensure better comprehensive control performance than the existing AITSM control method.
APPENDIX PROOF OF THE STABILITY
Lemma 1 [61] : For the following system
where k 1 , k 2 , a 1 , a 2 are positive constants satisfying a 2 = a 1 /(2 − a 1 ), 0< a 1 <1. Also, they are selected such that the polynomial r 2 + k 1 r + k 2 is Hurwitz. Then, the origin of system (19) will be a globally finite-time-stable equilibrium.
For detailed proof of Lemma 1, please refer to [61] . Then, the stability of the close-loop control system will be briefly proved using the similar procedures from [61] .
Substituting the control scheme (15) into the dynamic model (4), we have ε =ë + ψ e,k + ρ 1 s + ρ 2 sig (s) λ +ρ 3 sgn (s) (20) where ε =m −1 w −ŵ , |ε i | ≤ i stands for the bounded TDE error which is caused by the utilization of TDE technique. Meanwhile, the boundedness proof of ε can be found in [40] and will be omitted here for concision.
For simplicity, we will analyze the ith DOF. Select the following Lyapunov candidate as
Note that the adaptive gainsk ii andρ 3ii are both updated using θ i , thus above Lyapunov candidate has considered the adaptive algorithm. Differentiating V respect to time yieldṡ
Substituting the designedρ 3i into (22), we havė
Afterwards, we will take the adaptive algorithm (9) into consideration. Two cases will be analyzed.
Whenθ i ≤ 0 holds, i.e.θ i = −µ 1i |s i | orθ i = −µ 2i |s i |, we have
θ iθi ≤ 0. Therefore, (23) can be further given aṡ
Whenθ i > 0 holds, i.e.θ i = µ 1i |s i |, (23) can be given aṡ
Comparing (24) and (25), we can see that (25) is a stricter condition than (24) . Thus, we will analyze (25) afterwards.
Properly select the gain k 3i such that k 3i ≥ i , we havė
It should be noted that the TDE error is usually extremely small due to the small delayed time η. Thus, the condition k 3i ≥ i can be easily fulfilled. It can be observed from (26) thatV will be continuously decreasing until we have s i =ṡ i = 0. Afterwards, (6) can be re-written aṡ e i +k ii α ii sig (ė i ) γ 1 +k ii β ii sig (e i ) γ 2 = 0
Then, based on Lemma 1, (27) will be globally finite-timestable. Finally, the stability of the closed-loop control system is proved. 
